The objective of this study was to assess environmental impact, economic viability, and social acceptability of 3 beef production systems with differing levels of efficiency. A deterministic model of U.S. beef production was used to predict the number of animals required to produce 1 × 10 9 kg HCW beef. Three production treatments were compared, 1 representing average U.S. production (control), 1 with a 15% increase in ADG, and 1 with a 15% increase in finishing weight (FW). For each treatment, various socioeconomic scenarios were compared to account for uncertainty in producer and consumer behavior. Environmental impact metrics included feed consumption, land use, water use, greenhouse gas emissions (GHGe), and N and P excretion. Feed cost, animal purchase cost, animal sales revenue, and income over costs (IOVC) were used as metrics of economic viability. Willingness to pay (WTP) was used to identify improvements or reductions in social acceptability. When ADG improved, feedstuff consumption, land use, and water use decreased by 6.4%, 3.2%, and 12.3%, respectively, compared with the control. Carbon footprint decreased 11.7% and N and P excretion were reduced by 4% and 13.8%, respectively. When FW improved, decreases were seen in feedstuff consumption (12.1%), water use (9.2%). and land use (15.5%); total GHGe decreased 14.7%; and N and P excretion decreased by 10.1% and 17.2%, compared with the control. Changes in IOVC were dependent on socioeconomic scenario. When the ADG scenario was compared with the control, changes in sector profitability ranged from 51 to 117% (cowcalf), -38 to 157% (stocker), and 37 to 134% (feedlot). When improved FW was compared, changes in cowcalf profit ranged from 67% to 143%, stocker profit ranged from -41% to 155% and feedlot profit ranged from 37% to 136%. When WTP was based on marketing beef being more efficiently produced, WTP improved by 10%; thus, social acceptability increased. When marketing was based on production efficiency and consumer knowledge of growth-enhancing technology use, WTP decreased by 12%-leading to a decrease in social acceptability. Results demonstrated that improved efficiency also improved environmental impact, but impacts on economic viability and social acceptability are highly dependent on consumer and producer behavioral responses to efficiency improvements.
INTRODUCTION
Throughout human societal evolution, the term sustainability has had myriad definitions. Although first defined by forestry professionals in the early 1700s (Wiersum, 1995; Wilderer, 2007) , sustainability did not become an important policy concept until the 1980s, when concerns about excessive resource use drove publication of a report by the United Nations World Commission on Environment and Development (WCED, 1987) . The Brundtland Report, as it is more commonly known, indicates that sustainable development must integrate social, economic, and environmental concerns, and that on a global scale, an absolute plan to improve sustainability is difficult to develop because of the complexity of the systems involved (WCED, 1987) .
Although the exact definition of sustainability has been debated extensively since the Brundtland Report (e.g., Bonevac, 2010; Chichilnisky, 2011; Kuhlman and Farrington, 2010) , most scholars agree that the 3 sustainability pillars presented in the report (environmental impact, economic viability, and social acceptability) are qualities of sustainable systems. Environmental impact, economic viability, and social acceptability of a system can be quantified. Therefore, investigation of these 3 qualities allows for quantitative and scientific assessment of food production sustainability.
The objective of this work was to quantify metrics of environmental impact, social acceptability, and economic viability for beef production systems varying in efficiency. It was hypothesized that improving productivity through increasing finishing weight (FW) or ADG would concurrently reduce environmental impact, improve profitability, and enhance beef's social acceptability.
MATERIALS AND METHODS
A deterministic model of the environmental impact of beef production in the United States described by Capper (2012) was adapted and used to quantify resource use and greenhouse gas emissions (GHGe) from beef production. These metrics of environmental impact were calculated for each production scenario (control, increased FW, and increased ADG). Dietary inputs to the above model, animal populations sold, and animal sale weights were used to calculate enterprise budgets for cow-calf, stocker, and feedlot subsystems. Economic viability was quantified by income over variable costs (IOVC; feed and animal acquisition costs). There is no widely accepted definition of social acceptability as it pertains to beef sustainability. Selecting a metric of social acceptability began with exploring how altered acceptability directly affected beef production. When assessing the ability of beef production systems to sustain into the future, social acceptability could affect production in 2 primary ways. First, improved social acceptability could increase interest in purchasing a product, whereas decreased acceptability could decrease purchasing interest. In the more extreme scenario, decreased social acceptability could lead to legislation impeding the freedom of operation for beef producers. Quantitatively predicting consumer voting patterns and likelihood of legislation proposals was outside the scope of this paper. Therefore, the best available method of quantitatively describing social acceptability was to use consumer willingness to pay (WTP) estimates as an indicator of consumer interest in purchasing beef produced through different management practices. Due to uncertainty in predicting producer and consumer behavior, a series of socioeconomic scenarios were modeled for each production scenario to identify a range of changes in IOVC due to differences in producer response to improved efficiency and packer, distributor, retailer, and consumer WTP, based on marketing information. Changes in WTP were used as a predictor of a product's social acceptability; if a product is more acceptable, WTP for the product will increase. Likewise, as a product becomes less acceptable, the price of the product must decrease to incentivize purchase.
The control scenario represented average FW, ADG, and days from birth to slaughter, representative of animals within the modern U.S. beef industry based on data from USDA-ERS (2012b), USDA (2009b) , and USDA (2009a). The other 2 scenarios represented a 15% increase in either FW or ADG. Practical methods to improve FW or ADG might include selecting for animals of superior genetic merit or using growth-enhancing technologies, such as β-agonists, implants, or ionophores. In the FW treatment, the length of time animals existed in a subpopulation remained identical to the control scenario and ADG was adjusted to ensure that animals could finish at a weight 15% greater than the control. In the ADG treatment, FW of each subpopulation was kept identical to FW in the control, but ADG from birth to slaughter was increased by 15% over the control. Increasing ADG reduced the amount of time animals were kept in a subpopulation. These treatments represent 2 methods by which animals with improved biological efficiency could be finished in today's industry. Animals with superior growth rates would either be marketed for slaughter at a particular weight (ADG treatment) or be allowed to grow until their age dictated that slaughter should occur (FW treatment). Animals produced in more efficient systems will be of greater value to packers, distributors, and retailers, because these animals are more likely to finish at an appropriate weight early in life, meaning that they are more likely to grade well. The specific ADG, FW, and days in a subpopulation for each treatment are shown in Table 1 . All metrics of environmental, economic, or social sustainability are expressed per 1.0 × 10 9 kg of HCW beef produced in 365 d.
Production System Characteristics
The production system was parameterized to represent average management practices in the United States (USDA, 2009a (USDA, , 2009b . Three subsystems were represented within the model: cow-calf, stocker/backgrounder, and feedlot. Populations of animals required to produce 1.0 × 10 9 kg HCW beef were calculated according to finishing weights, average mortality rates, and known relationships among populations. The cow-calf system included cows, calves, replacement heifers, adolescent bulls, yearling bulls, and mature bulls. The stocker system contained weaned steers and heifers that were fed until they reached the target exit weight. The feedlot system contained calf-fed (weaned directly into the feedlot) and yearling-fed (previously in the stocker system) steers and heifers. These animals were retained in the model until they reached the target FW. Following annual slaughter summaries (USDA-ERS, 2012b), slaughter populations used in this study were composed of 12% cull dairy cattle, 5% cull beef cows, 2% cull beef bulls, and 81% feedlot cattle, of which 12.9% were of dairy origin.
Feedlot and stocker cattle had a mortality rate of 5%. Dressing percentage for feedlot cattle was 63% and average FW are as described in Table 1 . From Capper (2011a) , the feedlot population was assumed to contain 11.5% Holstein steers from dairies; 1.4% Holstein heifers; 16.5% calf-fed beef steers and heifers; and 70.6% yearling-fed steers and heifers. Feeder cattle from the cow-calf and stocker systems were assumed to be crossbred Angus and Hereford. For conventionally raised beef animals, the proportion of female animals made up 46.5% of the populations after weaning to account for the removal of replacement females from the feeder population. Following the approach described by Capper (2011a) , GHGe and resources required to produce feedlot animals originating in the dairy system were biologically accounted based on the requirements of a dairy cow during gestation.
Female cattle had a conception rate of 89%, of which 96.5% were predicted to birth a live calf (USDA, 2009b). Calf mortality rate was 9% (USDA, 2009a). Bulls were maintained in the population at a rate of 23.7 cows per mature bull and 16.3 cows per adolescent bull (USDA, 2009a) . Total herd size was assumed to remain constant, giving a bull replacement rate equivalent to the proportion of bulls that died or were culled annually, and heifer replacement equivalent to cow slaughter. Cows weighed 567 kg (Capper, 2011a) , had an annual gestation length of 285 d, a lactation length of 207 d (USDA, 2009b) , milk yield of 1,625 kg/lactation (Miller et al., 1999) , milk fat content of 4.03%, and milk protein content of 3.38% (NRC, 2000) . Over the production year, cows were assumed to gain weight during mid to late gestation and lose weight during early lactation, such that, on average, weight was maintained as a constant on a year-to-year basis.
Environmental Model of Beef Production
The model used to calculate environmental impact was based on that described by Capper (2012) . This model quantifies water use, land use, feed consumption, N and P excretion, and CO 2 , CH 4 , and N 2 O emissions. The system boundaries extended from manufacture of cropping system inputs (fertilizers, herbicides, and pesticides) to finished cattle arriving at the slaughterhouse door. 2 SW = starting weights, which are reported in kg and represent the weight of an animal as it enters the population in the model. Feedstuffs required for the production of 1 × 10 9 kg of HCW beef were based on diets balanced for metabolizable energy and protein. A ration was formulated for animals within each population using nutrient requirements predicted by the Agricultural Modeling and Training System (AMTS) CattlePro diet balancing software (AMTS, 2006) , based on breed, age, weight, gender, and production level. Rations were formulated using nutritive values for feedstuffs from the AMTS CattlePro feed library (AMTS, 2006) to ensure sufficient energy and protein for each animal's production requirements. Total amounts of each feedstuff were calculated based on ration composition, days spent in the subsystem, and number of animals in a population. Feed quantities were used to calculate related cropping inputs. Feed waste during feeding, storage, transportation, and harvest were not accounted for because reliable values for transportation and harvest waste were not readily available.
Land use for beef production was calculated based on the pasture required in the diet for cow-calf and stocker production. Land use associated with cropping was calculated from total crop requirements and the U.S. average yield for that crop (USDA-ERS, 2012b). Water use included the total drinking requirement of animal populations and crop irrigation requirement. Drinking water required for each animal population was calculated from a regression equation linking drinking water intake to ambient temperature, animal size, and various feed qualities (Meyer et al., 2006) . The water use associated with cropping was calculated from total land use and irrigation requirements per hectare (USDA-NASS, 2007).
The GHGe included in the study were CO 2 , N 2 O, and CH 4 emitted within the system boundaries and expressed on a CO 2 -equivalent basis (IPCC, 2007) . Sources of CO 2 emissions included industrial manufacture of cropping system inputs and emissions associated with tillage and fertilizer application. Emissions from cropping input manufacture were calculated based on quantities of fertilizer, herbicide, or pesticide required, and the related emission factors published by Bhat et al. (1994) and Mudahar and Hignett (1987) . Emissions from tillage and other crop management inputs were calculated based on the tillage practices required for production and emissions associated with each process (West and Marland, 2002) 
Economic and Social Model of Beef Production
The economic and social components of the model were linked to the environmental impact component through diet and animal characteristics. The economic portion calculated IOVC for the cow-calf, stocker, and feedlot. Revenue in the cow-calf operation stemmed from sales of cull cows, cull bulls, and feeder calves, whereas stocker and feedlot revenue were generated by selling yearlings and finished animals, respectively. For each sector, animal FW and populations were used to calculate the total weight of 4 classes of animals sold: culls, calves, yearlings, and finishers. Socioeconomic scenarios were used to adjust the value of different cattle classes. These values were used in calculating animal acquisition cost and sales revenue.
For each scenario, enterprise budgets were calculated for each beef production sector based on revenue and feed and animal acquisition costs. In all sectors, feed costs were calculated from the amount of each feed required and 5-yr average price received for sales of that feedstuff (USDA-ERS, 2012b). In the cow-calf operation, only feed costs were included in the budget, whereas in the stocker and feedlot operations, both feed costs and cattle purchase costs were tracked. Cattle purchase costs were calculated from the number of calves entering each sector, their average weight, and the beef price, as dependent on the modeled socioeconomic scenario.
Substantial uncertainty exists when predicting packer, distributor, retailer, consumer, and producer behavioral responses to improvements in efficiency of this magnitude. To account for this uncertainty, 13 socioeconomic scenarios were used to calculate IOVC. Each socioeconomic scenario consisted of 1 assumption about beef supply dynamics and 1 assumption about WTP. Supply of beef was expected to react to improved efficiency in 1 of 2 ways, either supply would remain constant as efficiency improved or supply would increase (shift outward) to capitalize on improvements in efficiency. When supply was held constant, revenue was based on the weight of each animal class sold and the 5-yr average price received for sale of animals within the class (USDA-ERS, 2012b). When supply shifted outward, flexibility of demand was used to identify the percentage reduction in beef prices expected when production increased by 15%. Flexibility of demand is the inverse of own-price elasticity of demand. In this study, own-price elasticity of beef was estimated as the mean of values presented by the USDA-ERS Commodity and Food Elasticities application (USDA-ERS, 2012a). The application identified 10 studies presenting an own-price elasticity of beef and the mean elasticity was calculated to be -0.683. Inverse supply and demand functions were log-linear. The inverse of this elasticity (1.464) indicates that for a 15% increase in beef supply, price was expected to decrease by 21.96%.
The second element of each socioeconomic scenario was a WTP assumption. Predicted WTP was assumed to change in 1 of 3 ways, depending on how beef was marketed. As efficiency improved, beef could be marketed as: 1) being more efficiently produced (MEP scenario); 2) more efficiently produced with consumer awareness of growth-enhancing technology use (MEP+GET scenario); or 3) no change in marketing could occur (noWTP scenario). Estimates of packer/distributor/retailer WTP for more efficiently produced beef were sourced from Igo et al. (2013) , based on data for WTP for weight and size of cattle. This premium was used in both the MEP scenario and MEP+GET scenario. In the MEP scenario, no change in consumer information was assumed and therefore consumer WTP was static; WTP was based entirely on packer/distributor/retailer WTP for more efficiently produced beef. In the MEP+GET scenario, consumer WTP for beef without growth-enhancing technologies as predicted by Thilmany et al. (2003) , Tonsor and Schroeder (2003) , Lusk and Schroeder (2004) , and Umberger et al. (2009) was included as a penalty and added to the premium for more efficient production. In the noWTP scenario, no change in WTP occurred.
RESULTS AND DISCUSSION

Whole System Environmental Impact
Animal Populations, Feedstuffs, and Land Use. A summary of the population of animals required by each treatment is given in Table 2 . In the ADG treatment, days from birth to slaughter decreased, but finishing weight did not change. Therefore, the number of animals required in any population was not different from the control scenario. By contrast, as yield per animal increased, the population required to produce a target amount of beef decreased. Thus, in the improved FW treatment, the total animal population was reduced by 11.5% (Table 2 ). The FW treatment yielded a larger improvement than the ADG treatment for most metrics. This difference between treatments is largely due to changes in herd population. Improving the ratio of feeder cattle to the supporting population has a greater impact on all metrics of sustainability than reducing the days from birth to slaughter. The populations simulated in this study were very similar to the populations reported in Capper (2011a) and Capper (2012) .
Total feed required to produce 1.0 × 10 9 kg beef was 5.04 × 10 10 kg in the control system. This value is comparable to the value of 5.93 × 10 10 presented in Capper (2011a) . Feed required in the ADG treatment was 4.72 × 10 10 kg. The system-wide feed efficiency (47.2 kg feed DM/kg HCW beef) in this treatment was 6.39% greater than the efficiency of the control system (50.4 kg feed DM/kg HCW beef). In the improved FW treatment, 4.43 × 10 10 kg was required. The resulting feed efficiency of this system was 44.3 kg feed/kg HCW beef. This figure is somewhat misleading because it included feed consumption by the supporting population, rather than consumption by growing animals alone (a metric reported with much greater frequency). For reference, the mean feed efficiency of growing animals in the control system was 5.8 kg feed DM/kg live weight gain. This efficiency agrees well with the industry standard 6.0 kg feed DM/kg live weight gain (Retallick and Faulkner, 2012) .
In the control system, 5.95 × 10 6 ha of land was required to produce 1.0 × 10 9 kg HCW beef. This figure is greater than the 4.3 × 10 6 ha reported in Nguyen et al. (2010) and lower than the figure presented in Capper (2011a) of 6.1 × 10 6 ha. Land use predicted in this 2 ADG represents the scenario where daily gain was increased by 15%.
3 FW = finishing weight, which represents the scenario where FW was increased by 15%. 4 Includes cows, calves, replacement heifers, and bulls.
5 Includes all animals within the system, excluding culled cattle.
study may be greater than use calculated by Nguyen et al. (2010) due to differences in U.S. and EU production systems. In the EU system, 30% of fed beef animals are derived from dairy calves (compared with 12.9% in the United States), which may help reduce land-use efficiency because land used to feed and house cows producing dairy-beef calves can be partially accounted to the dairy sector. The differences in land-use efficiencies estimated in this study and by Capper (2011a) are substantially smaller and likely are due to differences in year-to-year crop yields, rather than production system differences. Increasing ADG by 15% decreased land use by 3.17%, compared with the control system. Increasing FW by 15% decreased land use by 9.2%. One concern with feeding the growing global population is the future lack of arable land for food production (Lambin and Meyfroidt, 2011). Hertel (2011) noted that concern should focus on the cost, rather than the quantity of land. Scarcity will increase land costs, which in turn will increase the cost of food produced on that land. If beef production costs increase, consumers will be asked to bear the cost. Models of beef demand (Chavas, 1983; Dahlgran, 1987; Schroeder et al., 2000; Tonsor et al., 2010) indicate that price is 1 of the most significant determinants of beef demand. To avoid increasing future beef prices beyond a socially acceptable threshold, the quantity of land required to produce beef should be reduced through improved productivity. An additional concern regarding land use is the ongoing debate as to how to use land most efficiently on a feed-efficiency basis. Elferink and Nonhebel (2007) calculated that chicken, pork, and beef production required 14.5 m 2 /kg, 17 m 2 /kg, and 43 m 2 /kg, respectively. Arguments against beef production based on land-use efficiency frequently incorrectly assume that all land used for ruminant feed production is of sufficient quality to produce human-food crops, as is often the case with monogastric feed production (Oltjen and Beckett, 1996) . The cow-calf sector uses the majority of land within the U.S. beef production system and it is common practice for cow-calf herds to graze mountain rangeland or forests. This land is not tillable for cereal grain production (Lubowski et al., 2006; Oltjen and Beckett, 1996) . In this study, 86% of total land use was attributed to the cow-calf sector; of that land, 63% was low-quality pasture. These figures show that >50% of land used in beef production is from grazing low-quality pasture. When this percentage of nontillable land was removed from assessment land use per kilogram, beef was reduced to 26 m 2 /kg. This figure is much more competitive to the metrics for pork and chicken. This result, along with similar metrics from other studies, such as the comparison of meat production systems on the basis of human-edible input to output ratios in Wilkinson (2011) , reinforce the necessity of selecting appropriate metrics when comparing across production systems.
Water Use
In the control system, water use was 2,409 L water/kg HCW beef. This value was greater than the 1,763 L/kg presented in Capper (2011a) and lower than the number calculated by Beckett and Oltjen (1993) of 3,682 L/kg. Differences in cattle diets and irrigation water required by crops could easily give rise to these differences, in conjunction with Beckett and Oltjen's (1993) inclusion of processing water. Improving efficiency reduced water use by 12.3% in the ADG scenario (2,112 L/kg HCW beef) and by 15.5% in the FW scenario (2,036 L/kg HCW beef).
Irrigation accounted for the majority of water use. Irrigation of feedstuffs typically produced off farm (cereal grain and soy products) accounted for 88% of total water use. Producers importing feed from off farm to finish their animals only directly control ~12% of the total water used in beef production and, consequently, must depend primarily on crop production advances to reduce total water use. Such advances include increasing yield per unit of evapotranspiration, reducing losses and pollution, targeting allocation to more productive areas (Seckler, 1996) , or altering irrigation application method (Howell, 2001) . Until there is an economic incentive to purchase crops produced with less water, it is doubtful that cattle producers would elect to purchase crops based on their water use.
Nutrient Excretion
The control system excreted 5.31 × 10 10 kg of manure, 2.17 × 10 8 kg of N, and 3.21 × 10 7 kg of P. When ADG or FW were increased, manure production was reduced by 4.3% or 8.5%, respectively. Similar dynamics were observed with N and P levels. When ADG was increased, N excretion decreased by 4.09% and P decreased by 13.8%, compared with the control system. In the increased FW treatment, N excretion decreased by 10.09% and P decreased by 17.2%. The differences in improvement in N-and P-use efficiency may be due to adjustment of the feedstuffs used according to differences in ADG. Alternatively, the greater improvement in P-use efficiency may be due to differences in biological N and P cycling. Reduced N and P excretion from cattle has both biological and environmental benefits. Improved N-and P-use efficiency stems from proportionally greater utilization of consumed N and P. Reduced N and P excretion also reduces potential for acidification and eutrophication of surface waters. It is difficult to simultaneously min-imize N and P excretion through dietary manipulation (Tozer and Stokes, 2001 ), but results from the current study reveal that improved productivity decreased both N and P excretion per unit of beef.
Greenhouse Gas Emissions
Within the current study, the control system yielded 20.15 kg CO 2 equivalents/kg HCW beef. The GHGe from beef production reported by several previous studies (corrected for 63% dressing percentage) are shown in Table 3 . Despite inherent difficulties in comparing across studies (Bertrand and Barnett, 2011; Capper, 2011b) , GHGe reported in our study are similar to the values presented by Capper (2011a), Capper and Hayes (2012) , and those outlined in Pelletier et al. (2010) . Results of the current study concurred with previous studies showing that improved efficiency reduced GHGe (Capper, 2011a; Capper and Hayes, 2012; Ogino et al., 2004; Pelletier et al., 2010) . Increasing ADG by 15% reduced GHGe to 18.5 kg CO 2 equivalents/kg HCW beef. Increasing FW by 15% decreased GHGe to 17.8 kg CO 2 equivalents/kg HCW beef. Capper and Hayes (2012) modeled the removal of growth-enhancing technologies from U.S. beef production and showed that a 10% increase in GHGe per unit of beef would occur if these technologies were removed. This change in GHGe is similar to the 12% and 14% reductions associated with improved efficiency related to the ADG and FW treatments in this study. The GHGe of this study differs from other studies in Table 3 due to differing biological parameters, cropping system data, industrial processes accounted, system boundaries (Edwards-Jones et al., 2009), or GHGe sources or sinks accounted for (Stackhouse-Lawson et al., 2012) .
Uncertainty associated with the predictive equations for calculating CH 4 and N 2 O from animal systems is of greater importance than study-to-study variability. Parameters in the equations predicting enteric CH 4 and manure N 2 O were varied, according to the confidence intervals presented in Ellis et al. (2007) and IPCC (2007) , and the resulting change in GHGe is shown in Table 4 . The range of parameter adjustment was similar between the 2 equations (200% for N 2 O and between 122% and 146% for CH 4 ). Prediction of enteric methane proved vital to GHGe estimation because adjusting CH 4 equation parameters within the reported error bounds caused GHGe to increase by 47% (high bound) or decrease by 53% (low bound). Adjusting manure N 2 O parameters only caused GHGe to increase by 8% or decrease by 5%. Although these results indicate that absolute value of GHGe assessments are not infallible, the study conclusions are unaffected because the change in the difference between the improved efficiency scenarios and control scenario varied by <1%, when the adjusted and unadjusted CH 4 parameters were used.
Whole System Economic and Social Impacts
Baseline Enterprise Budgets. As interest in reducing the environmental impact of production systems increases, there is growing concern from producers about whether reducing environmental impact can be achieved in an economically viable manner. Cattle with increased ADG require higher dietary energy concentrations to provide sufficient energy for growth. (2009) 1 GHGe = greenhouse gas emissions.
2 Carbon footprint is reported in kg CO 2 equivalents, adjusted for a dressing percentage of 63%. 2 FW = finishing weight, which represents the scenario where FW was increased by 15%.
3 Parameters in each equation were adjusted between the high side of the presented confidence interval (high bound) and low side of the confidence interval (low bound).
Likewise, cattle that finish at a heavier weight and have an increased ADG consume more feed on a daily basis (due to their larger size) and also require higher energy concentrations for growth. Increased feed consumption and increased energy requirements frequently result in increased feed costs. To investigate the economic viability of improving efficiency, the baseline scenario was compared with the FW and ADG scenarios before applying any socioeconomic adjustments.
In the control treatment, IOVC in the cow-calf sector was $0.87/d, $0.60/d in the stocker system, and $1.27/d in the feedlot. When ADG was increased, cow-calf sector IOVC increased to $0.88, whereas stocker and feedlot IOVC increased to $0.83/d and $1.51/d, respectively. Under the FW treatment, IOVC in the cow-calf, stocker, and feedlot increased to $1.09/d, $0.82/d, and $1.53/d, respectively. The breakdown of feed costs, animal acquisition costs, and revenue for each sector under each treatment is included in Table 5 . In most cases, improving efficiency resulted in reduced costs and improved profitability per unit of beef. In the stocker system, the ADG scenario resulted in lower feed costs than the FW scenario. This was not congruent with the expected relationship between feed costs and improved efficiency. In this case, the feedstuffs required to meet nutrient requirements of animals in the FW scenario were more expensive (due to greater energy density) and this expense was not recouped by the reduced number of animals required. This dynamic illustrates that increases in variable costs can be a very real concern when improving efficiency to reduce environmental impact. It should be noted, however, that revenue increases from sale of heavier cattle resulted in a net improvement in IOVC. Economic efficiency can be modeled using IOVC because feed costs are the highest variable cost in beef operations. It is therefore predictable that despite increased feed costs, IOVC increased in the scenarios representing improved biological efficiency.
In all treatments, the feedlot sector returned the greatest profit margins. The stocker sector had the lowest profit margins and cow-calf had moderate margins. It is important to note that budgets in this study were based on point estimates of national average feed and cattle prices (USDA-ERS, 2012b), and the resulting comparisons of predicted profitability among sectors are limited in their outside applicability. Temporal price fluctuations were not accounted for by this model and the relative increase in corn and soy product prices in 2012 and 2013 was not represented by input data. The purpose of this study was not to compare between sectors but rather to assess how improved efficiency impacted profitability. In all sectors, improved efficiency improved profitability. This study accounted feed costs for all feed consumed by animals. At first glance, feed costs in the cow-calf sector appear inflated because this sector is not usually thought to have exorbitant feed costs. Cost breakdown indicates that 34% of total feed costs are due to pasture and an additional 55% of feed costs are from purchasing stored forages. Pasture and stored forages are not frequently accounted for in partial budgets because they are grown on farm. This assessment assumed that all forage was purchased at market price (USDA-ERS, 2012b) and pasture was leased at $12.00/animal unit month. Inclusion of these forage costs may lead to the seemingly high cowcalf feed cost observed throughout the study.
Implications of Shifting Supply on IOVC. When an outward shift in the supply curve was modeled, aggregated industry IOVC decreased, regardless of packer, distributor, retailer, and consumer behavior. Specific IOVC outputted in each socioeconomic scenario are recorded in Table 6 . Across all cases, a 21.75% reduction in beef prices related to the modeled outward shift in supply was not recoverable via improved WTP. This result indicates that economic viability of improving efficiency was jeopardized by situations where supply drastically increased. The outward shift in supply would facilitate a 21.75% growth of the industry and allow consumers to benefit from the lower retail price of beef. Since 1977, substantial improvements in beef production efficiency have occurred (Capper, 2011a) . However, deflated beef retail prices over a similar timeline have decreased (USDA-ERS, 2013) . Historical data appear to suggest that improving productivity does not always result in an increased retail price. This may be due to the fact that an improvement in productivity does not always convey an improvement in total beef production. On 1 January 1977, 41 × 10 6 cows were inventoried in the United States compared with 33 × 10 6 on a January 2007 (USDA-ERS, 2012b). Capper (2011a) found that in 2007 compared with 1977, cattle finished 28% heavier in only 80% of the time. Based on national production data (USDA-ERS, 2012b), these improvements in efficiency are related to only a 5% increase in annual beef production during this time period (11.5 × 10 9 kg in 1977 compared with 12.1 × 10 9 kg in 2007). Although it is important to note the possibility of an outward shift in supply occurring due to the efficiency improvements modeled in this study, it appears unlikely that this scenario would occur given that productivity improvements have not necessarily conveyed supply increases in the past.
Implications of Willingness to Pay on IOVC and Social Acceptability. Willingness to pay impacted IOVC substantially. In all cases, MEP scenarios resulted in increased IOVC when compared with the noWTP scenario. In the MEP+GET scenario, decreased consumer WTP for beef produced with growth enhancing technologies outweighed increased packer/retailer WTP for more efficient production and resulted in a net decrease in IOVC compared with the noWTP scenario. Shifting beef supply outward affected the magnitude of changes in IOVC based on WTP changes but did not change the general trends. The aggregated and sector-specific IOVC for each socioeconomic scenario are presented in Table 6 .
Percentage changes in IOVC related to different socioeconomic scenarios were determined by comparing IOVC of the scenario of interest to the baseline scenario where there was no efficiency change, no demand shift, and no WTP change. The ADG socioeconomic scenario with the lowest IOVC included a demand shift and WTP based on improved production efficiency and consumer knowledge of growth-enhancing technology use (Gain/ Shift/MEP+GET). This scenario returned cow-calf, stocker, and feedlot IOVC of $0.44/d, -$0.23/d, and $0.47/d, respectively, which were 51%, -38%, and 37%, respectively, of the control scenario IOVC. This socioeconomic scenario also returned the lowest IOVC for the FW treatment. Cow-calf, stocker, and feedlot IOVC were $0.59/d, -$0.25/d, and 0.84/d, respectively. These IOVC were 67%, -41%, and 37% of the control scenario IOVC. The socioeconomic scenario returning the highest IOVC required no demand shift and marketing was based on improved production efficiency only. In the ADG treatment, cow-calf, stocker, and feedlot IOVC in this scenario were $1.02/d, $0.94/d, and $1.70/d, respectively. These IOVC values represented 117%, 157%, and 134% of the control IOVC. In the FW treatment, cowcalf, stocker, and feedlot IOVC were $1.25/d, $0.93/d, and $1.73/d, respectively, and 143%, 155%, and 136%, respectively, of the control scenario IOVC.
Comparing the noWTP and MEP+GET scenarios across the ADG and FW treatments yielded particularly interesting results. In the noWTP scenario, ADG and FW improved IOVC compared with control efficiency treatment (industry average efficiency, no demand shift, and no change in WTP). In the MEP+GET scenario, the ADG treatment resulted in IOVC less than the control efficiency treatment, whereas the FW scenario resulted in IOVC greater than the control efficiency treatment. This indicates that the opportunity to use efficiency to improve economic viability is dependent on the magnitude and structure of the efficiency improvement. In this case, reducing the number of cattle required to produce a set quantity of beef was more economically viable than reducing the time required to produce beef.
Beef's social acceptability differed by socioeconomic scenario. Social acceptability in the MEP sce- 1 Socioeconomic scenarios were classified by 3 factors: efficiency scenario, whether a demand shift occurred, and change in willingness to pay. The control scenario was used as the baseline for comparison. Efficiency scenario is listed first and includes the control scenario (Control), 15% improved gain scenario (ADG), and 15% improved yield scenario (FW). Demand scenario is listed second. Shift indicates supply was shifted to decrease retail prices, whereas NoShift indicates that no shift in supply was modeled. Willingness to pay scenario was listed third. NoWTP indicates no change in willingness to pay. MEP indicates willingness to pay was modeled based on cattle produced more efficiently. MEP+GET indicates willingness to pay included efficiently produced cattle that were produced with growth-enhancing technologies.
2 Income over feed costs was listed separately for the cow-calf, stocker, and feedlot sectors, and collectively as "Aggregate" income over feed costs. nario was increased because WTP for more efficiently produced beef was estimated at a 9% premium (Igo et al., 2013) . Averaged estimates of consumer WTP for beef without growth-enhancing technologies (Lusk et al., 2003; Thilmany et al., 2003; Tonsor and Schroeder, 2003; Umberger et al., 2009 ) revealed a 21% decrease in WTP when growth-enhancing technologies were used. When these WTP estimates were applied to the MEP+GET scenario, the increased packer/distributor/ retailer WTP (10% increase) for efficient production practices was outweighed by consumer WTP for beef without growth-enhancing technologies, resulting in a 12% net decrease in WTP and thus a net decrease in social acceptability. When efficiency improvements were made through management practices that were not socially acceptable, both the social acceptability and economic viability of the system were compromised to achieve improvements in environmental impact. It should be noted that this decrease in social acceptability and WTP stemmed from consumer interest in beef produced without growth-enhancing technologies, rather than retailer/packer disapproval of growth-enhancing technologies. Although WTP in this study focused on consumer response to growth-enhancing technologies use, recent beef demand literature (Tonsor et al., 2010; Tonsor and Olynk, 2011) indicates that beef price is a more influential determinant of beef demand.
Linking Efficiency, Environmental Impact, Economic Viability, and Social Acceptability
Results of this study indicate that improved efficiency results in improved environmental impact. The method by which environmental impact is influenced by efficiency has been described as the "dilution of maintenance" concept (Capper et al., 2009; Capper et al., 2008) , which, in this study, is extended to economic and social systems through the conversion of energetic capital (animal gain) to economic capital. The dilution of maintenance concept shows that on a percentage basis, the proportion of energy used for production is greater in animals that are more efficient. Energy partitioned into product rather than maintenance creates an asset. Growth in beef animals is an asset that receives continual deposits as more feed energy is consumed by the animal. The economic input required to procure the feed energy necessary for growth to occur is a quality (or liability) associated with the asset. As more feed energy is partitioned into growth assets, the liability associated with the growth is lower than when less feed energy is partitioned. The energetic capital of feed energy partitioned to weight gain is converted to revenue (monetary capital) during the sale of an animal. When the asset to liability ratio is reduced, the conversion efficiency of the energetic capital to economic capital is improved. Similarly, packers, distributors, and retailers value the improvement in energetic efficiency associated with more efficient animals and are willing to pay more for animals from this system. This increased WTP illustrates the conversion of an improvement in social capital to economic capital.
To the authors' knowledge, this is the first study to simultaneously and quantitatively assess environmental impact, economic viability, and social acceptability of an animal production system. As the global population continues to expand (U.S. Census Bureau, 2013) and demand for meat and milk increases (Delgado, 2003) , such analysis can be used to adapt animal agriculture to meet the needs of the growing global population within the constraints of biological, ecological, and economic systems. The goal of feeding the growing global population is frequently defined as the provision of a sustainable food supply (Hobbs, 2007; Tilman, 1999) , yet debate over the true definition of sustainability has caused the word to be effectively meaningless (Marshall and Toffel, 2005 ). In the current study, we suggest that sustainable systems should begin with the end goal; namely, sustainable practices should focus on preserving resources, minimizing environmental impact, ensuring an affordable and safe food supply, and doing so by methods that are economically feasible for producers. As such, we propose that the quantification of environmental impact, social acceptability, and economic viability undertaken in this study be used as an assessment of the relative sustainability of different beef production systems.
CONCLUSION
Improving efficiency through improved ADG or FW demonstrated opportunities to improve environmental impact, economic viability, and social acceptability. These results were highly dependent on packer, distributor, retailer, consumer, and producer responses to improved system productivity. When efficiency improvements resulted in an outward shift in the demand curve, beef price decreases negatively impacted economic viability. For improved efficiency to positively impact economic viability and social acceptability, drastic supply shifts should be avoided (where possible) and efficiency improvements achieved, using socially acceptable management practices. Alternatively, marketing should focus on helping consumers understand the need for technology in producing affordable beef with a reduced environmental impact. 
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